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Abstract 
 
 
  Food safety issues such as allergy and poisoning are always an important problem all around 
the world in the past decade. The consumers, governments and producers give increased 
attention to the safety and quality of food products in today’s global marketplace, and 
detection technologies consequently become more important for ensuring food safety and 
security. The present study focuses on the detection of the food allergy of invertebrate major 
allergen, tropomyosin, and food poisoning of natural marine biotoxin, tetrodotoxin (TTX).  
  Food allergy is a dysfunction of the immune system against the ingested food or food 
additives. It is commonly mediated by immunoglobulin E (IgE) antibodies bound to mast cells, 
leading to release of histamine and other chemicals, which produces the symptoms such as 
urticaria, diarrhea, asthma and shock in severe cases. Seafood allergy is common and major 
causes of food allergy in adult. During recent decades, seafood allergy is becoming a serious 
problem with increasing seafood consumption. Studies on food allergies demonstrated that 
tropomyosin is an invertebrate major allergen and shows cross-reaction among the given 
invertebrate species. Biotoxins are substances synthesized by living organisms that are harmful 
to humans. They can be produced by many species of organisms such as bacteria, fungi, 
vertebrates, or marine microorganisms. The gastrointestinal tract and the nervous system of 
human can be affected by the biotoxins. One of popular biotoxin in Asia is TTX. TTX is a 
powerful neurotoxin found in several species, most notably in puffer fish. In Japan, many puffer 
poisoning cases occur every year, resulting in numerous deaths.  
  Recent studies suggested that monoclonal antibodies (MAbs) are a useful tool in noxious 
III 
 
substances detection and quantification. The present study is addressed to develop specific 
MAbs, and specific, rapid or sensitive immunoassays in order to detect and quantify 
invertebrate tropomyosin and TTX such as enzyme-linked immunosorbent assay (ELISA) and 
fluorescence resonance energy transfer (FRET) system. 
  This thesis is composed of four chapters. Mechanism of food allergy and TTX poisoning, 
common tests for assessment of food allergen and TTX are reviewed in Chapter 1.  
  In Chapter 2, the detection methods based on specific mouse MAbs against the sequences of 
IgE epitope shared by several shellfish tropomyosins were developed and characterized. The 
MAbs BE9, EB11 and DC3 raised against the sequences of T1 EKYKSISDELDQTFAEL and T2 
KSISDELDQTFAEL recognized shellfish tropomyosins but also reacted with teleost proteins. The 
novel MAbs were then raised against the T3 sequence of SISDELDQTFAEL. A developed MAb, 
CE7B2, reacted to the crustacean, mollusks, arthropods and insects, but the reaction does not 
occur in vertebrate tropomyosin. Additionally, this MAb also recognized small fragments 
derived from tropomyosins in food products.  
Subsequently, the MAb CE7B2 against invertebrate tropomyosin was applied to develop 
rapid or sensitive allergen detection methods by a sandwich ELISA and by fluorescence analysis 
using a FRET system for tropomyosin detection. Standard curves of the sandwich ELISA based 
on the MAb for quantification of crustaceans and mollusks were generated with serial purified 
tropomyosin dilutions (0.045-600 ng/ml). From these curves, detection limits were calculated 
as 0.09 ng/ml for kuruma prawn tropomyosin and 0.64 ng/ml for Japanese flying squid 
tropomyosin. The coefficient of variation (CV) analyses showed acceptable results of the intra- 
and inter-assay CVs, 1.5-5.1% and 1.2-4.2% in kuruma prawn tropomyosin standard curve and 
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0.8-3.9% and 0.6-3.2% in Japanese flying squid tropomyosin standard curve, suggesting that 
the sandwich ELISA assay is highly reproducible. The specificity of the sandwich ELISA was 
checked using the tropomyosin-containing crude extracts from several processed food. The 
result suggests that the developed sandwich ELISA based on the MAb is useful for its 
application to the major food allergen tropomyosin of invertebrates.  
本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5年以内に出版
予定。  
In Chapter 4, the results obtained in this study and future perspectives are comprehensively 
discussed.  
Food safety is a major worldwide problem, so that detection methods for noxious substances 
are necessary to ensure our food security. In summary, the sandwich ELISA and FRET system 
based on MAb CE7B2 developed in the present study are very useful for a sensitive and rapid 
detection of invertebrate pan-allergen tropomyosin. The immunoassays are also more cost 
effective, as it required less sample preparation, a shorter assay time and reduced investment 
in equipment than either of the other assay systems. The new derivatization method with TTX 
could be not only for antibody generation, but also for elucidation of TTX biochemical 
production and accumulation mechanism. The developed MAbs against TTX would be used to 
develop detection system. The results presented in this thesis implicate that the developed 
MAbs and detection methods could be useful to check and quality during food processing and 
to ensure the safety and security of food.  
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Chapter 1 General introduction 
Food safety issue such as allergy and poisoning are always important problems all around the world 
in the past decade. The consumers, governments and producers give increased attention to the safety 
and quality of food products in today’s global marketplace (Gallart-Ayala and Moyano et al., 2008), 
and detection technologies consequently become more important for ensuring food safety and security. 
The present study focuses on the detection of the food allergy of invertebrate major allergen, 
tropomyosin, and food poisoning of natural marine biotoxin, tetrodotoxin (TTX). 
Food allergy is now recognized as a worldwide problem of food safety. It is commonly mediated by 
immunoglobulin E (IgE) antibodies bound to mast cell, leading to release of histamine and other 
chemicals, which produce the symptoms such as urticaria, diarrhea, asthma and shock in severe in 
cases (Daul and Morgan 1993). Seafood allergy is common in many countries such as Europe, America 
and Australia, but seems to be more prevalent in Asian countries, since China and Japan are the first 
and second largest consumer of seafood (Lopata and O'Hehir et al., 2010). The allergic reactions to 
shellfish are particularly very common in adults. The allergy of shellfish was almost three times more 
common in adults than in children in Japan, and five times in America (Hill and Hosking et al., 1997; 
Sicherer and Munoz-Furlong et al., 2004). Studies on food allergy demonstrated that tropomyosin is an 
invertebrate major allergen shows cross-reaction among the invertebrate species (Reese and Ayuso et 
al., 1999).  
Biotoxins are naturally occurring substances harmful to human produced by living organisms. They 
can be produced by many species of organisms such as bacteria, fungi, or vertebrates (Halstead 1959). 
The gastrointestinal tract and the nervous system of human can be affected by the biotoxins (Lewis and 
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Holmes 1993). Marine biotoxin have received particular attention in a part of food safety, following the 
damage caused to public health, water, and fish and shellfish cultures. One of popular marine biotoxin 
in Asia is TTX. TTX is a powerful neurotoxin found in several species, most notably in puffer fish. It 
has been reported that it is a stable toxin unaffected by cooking or freezing (Watters 1995). TTX 
poisoning often occurs in some countries such as Egypt, Korea, China and particularly Japan (Haque 
and Islam et al., 2008). TTX poisoning in human is always due to ingestion of improperly handled 
toxic puffer fish. In Japan, many puffer poisoning cases occur every year, resulting in some deaths. In 
China and other countries of Asia, many food poisoning cases due to ingestion of wild puffer have 
occurred (Hwang and Noguchi 2007). 
Food safety is a major worldwide problem, so that the detection of noxious substances technologies 
is necessary to ensure our food security. In this chapter, mechanism of food allergy and TTX poisoning, 
common tests for assessment of food allergens and TTX are introduced.  
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1.1 Basic introduction to food allergy and food allergen 
 
Mechanism of IgE-mediated food allergy 
Food allergy is now recognized as a worldwide problem, and like other allergy, it appears to be on 
the increase. Recent studies suggest that immunoglobulin E (IgE)-mediated food allergies affect 3.5 % 
to 4 % of Americans (Sicherer and Munoz-Furlong et al., 2004). In addition, food allergy is the most 
common in childhood, affecting up to 8 % in infants (Kandyil and Davis 2009).  
There are several different types of adverse reactions involving the immune system, which helps the 
body resist disease. In the case of food allergy, ‘immediate hypersensitivity’ is the most clearly 
understood. This reaction involves three primary components: food allergens, IgE, and mast cells and 
basophils (Sampson 2004). Food allergy can be divided into IgE-mediated and non-IgE-mediated 
reactions. Seafood allergy is commonly synonymous with IgE-mediated immediate-type I allergy (Daul 
and Morgan 1993). The symptoms with IgE-mediated reactions usually appear in 2 hours, except that 
some cases may appear after 4-6 hours (Murphy 2012). As shown in Fig. 1.1.1, when the allergenic 
foods ingested, IgE antibodies against allergens are produced by lymphocytes called B cell. During the 
circulating in the blood, the IgE antibodies are then bound to the IgE receptors (FcRIs) on the surface 
of mast cells in the intestinal mucosa and trachea, or basophils in the blood. The individual becomes 
sensitization due to the bound IgE recognizing the same food allergen. The allergen binding to the IgE 
antibodies produces the cross-linking of the bound IgE-FcRI complex with multivalent allergen, 
which causes the release of inflammatory mediators such as histamine, leukotrienes and prostaglandins 
responsible for the allergic symptoms (Pawankar 1999). The understanding of how food allergy 
represents an abrogation of normal oral tolerance is developing. Although any food can provoke a 
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reaction, relatively few foods are responsible for the vast majority of allergic reaction: in young 
children, milk, eggs, peanuts, soy, and wheat account for approximately 90 %; in adolescents and 
adults, peanuts, fish, shellfish and tree nuts account for approximately 85 % (Sampson 1999a). 
Diagnosis of food allergy includes observation case history, followed by laboratory studies, elimination 
diets, and challenges to ingest the food which may cause the allergy to confirm a diagnosis. Many food 
allergens have been characterized at a molecular level, which has increased the understanding of 
immunopathogenesis of food allergy. It can help develop new diagnostic and treatment methods. 
Currently, the most effective way to avoid recurrent of food allergy is keeping ingestion of food 
allergen out (Sicherer and Sampson 2006).  
  
 
Fig. 1.1.1. General view for mechanism of IgE-mediated food allergy. 
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General introduction of food allergens  
Although the human diet contains many different foods, only a small amount of these foods can 
induce food allergies. (Sampson 1999) Peanuts, fish, shellfish, and tree nuts are frequently listed in 
textbooks as the most relevant offenders in adult food allergy (Moneret-Vautrin and Morisset 2005). 
The allergic fraction of food is generally comprised of heat-stable, water-soluble glycoproteins ranging 
in size from 10 to 70 kDa. It is fairly resistant to industrial processing, heating, and cooking as well as 
to the digestive enzymes of the gut (Taylor and Hefle 2001). 
The terminology ‘food allergen’ is ambiguous, because it has at least three interpretations: a food 
substance that reacts with IgE antibodies, induces allergic reactions, and induces allergic sensitization. 
Some food substances do all three of the above. However, some will do the first, but not do the second 
and third, whereas others will do the first and second, but not do the third one (Aalberse 1997). 
Therefore food allergens are food components that induce the production of IgE antibodies and are 
reactive to these antibodies to cause mediator release from mast cells and basophiles, resulting in 
immediate allergic reactions (Lehrer and Ayuso et al., 2002). In order to induce immediate allergic 
responses, food allergens must possess the ability to stimulate immune responses and must be 
polyvalent molecules with at least two or more IgE antibody binding sites. Besides these essential 
properties, food allergens generally seem to share other several common properties.  
 
Invertebrate major allergen tropomyosin  
The major heat-stable allergen in shrimp was first described in 1981 (Hoffman and Day et al., 1981) 
and later identified as tropomyosin (Shanti and Martin et al., 1993). Tropomyosin belongs to a family 
of proteins associated with the thin filament in muscle, and microfilaments in many nonmuscle cells 
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(Smillie 1979). Allergic tropomyosins are found in invertebrates such as crustaceans, mollusks, 
arachnids, insects, whereas vertebrate tropomyosins are nonallergenic (Reese and Ayuso et al., 1999). 
Studies of cross-reactivities among crustaceans, mollusks, cockroaches and dust mite have been 
established, and suggested tropomyosin as an important cross-sensitizing allergen (Reese and Ayuso et 
al., 2012). 
Invertebrate tropomyosin has been reported as a pan-allergen, meaning that a given invertebrate 
species can induce potent cross-reactive IgE antibodies that recognize tropomyosins of other species as 
well (Reese and Ayuso et al., 1999; Lehrer and Ayuso et al., 2002). The tropomyosin specific IgE 
antibodies cross react widely, since the similarity of invertebrate tropomyosins. Thus individuals with a 
shrimp allergy might also be allergic to other invertebrates (Shanti and Martin et al., 1993).  For 
example, IgE against tropomyosin from shrimp cross-reacts with tropomyosin from other crustaceans, 
molluscs (Leung and Chow et al., 1996; Ishikawa and Nagashima et al., 1999), and insects (Ayuso and 
Reese et al., 2002; Boquete and Iraola et al., 2011). 
A number of studies focused on IgE binding sites of allergenic tropomyosins. Shanti et al. (1993) 
first identified two IgE-binding regions from shrimp Penaeus indicus by IgE reactivity of patients sera. 
Subsequently, a 36 kDa allergen, designated Pen a 1 isolated from brown shrimp (Penaeus aztecus) 
was identified as a muscle protein tropomyosin, broadly existing among crustaceans (Daul and Morgan 
1993). Pen a 1 allergen contains five major IgE-binding regions, and eight IgE recognizing epitopes 
were identified in these five regions (Reese and Ayuso et al., 2001). For the IgE-binding sites of 
mollusk tropomyosins, Ishikawa et al. (1998) proposed a 14-mer peptide as the IgE recognizing epitope 
on the oyster. However, it was revealed that the IgE-binding sites of gastropod reside in the 
carboxyl-terminal region (residues 245-284) of tropomyosin (Ishikawa and Ishida et al., 1998). 
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Characterization of food products and their intermediates contribute to the future research. In order 
to ensure the standardization of the manufacturing process and food labelling be implement strictly, 
kinds of allergen should be analyzed and tested contained in foods through extensive, accurate and 
simple methods.(Besler and Steinhut et al., 2001; Poms and Klein et al., 2004). These will be 
introduced in the next section. 
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1.2 Common detection methods for food allergens 
 
Currently, there are several technical possibilities for the detection of potential allergens in food 
products. The methods employed are either targeting the allergen itself or a marker that indicates the 
presence of the offending food. Immunological and molecular biological methods are commonly used 
as inexpensive, sensitive, and highly selective methods for the detection and quantification of a wide 
variety of noxious substances (Raybould and Bignami et al., 1992). In the previous studies, the main 
molecular biological methods for detection of food allergen are polymerase chain reaction (PCR), and 
immunological methods: enzyme-linked immunosorbent assay (ELISA), surface plasmon resonance 
(SPR) biosensor technology and quartz crystal microbalance (QCM) immunosensor. ELISA is the most 
commonly used immunological method for the quantitative detection of food allergens. The principal 
advantages of these fully quantitative assays are their robustness and sensitivity. However, it is 
necessary to fix the antibody or antigen onto solid phase and the detection antibody must be labeled for 
measuring the enzyme reaction. SPR is produced on the basis of the evanescent wave phenomenon. A 
thin gold film is located between the prism and materials and the irradiation of light into materials at 
over critical angle produces evanescent fields. Surface plasmon energy resonance is occurred in 
proportional to the molecular density in the evanescent fields. QCM is based on the resonance 
frequency changing according to the mass when the material adhered to the surface of the electrode of 
the quartz vibrator. There were gradual increases in resonance frequency with the increasing material 
mass. In immunoassay, the antigens or antibodies were solid phased to the quartz vibrator, then the 
resonance frequency fall if the mass increased with the immune reaction. The fixation of antibody on 
quartz crystal is also necessary for QCM measurements of antibody-antigen interaction (Ansorena and 
Zuzuarregui et al., 2011). Thus, although the ELISA method requires labeled reagent to detect 
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immunoreaction amounts and several experimental processes for immunoassay, SPR and QCM offer 
benefits to use non-labeled reagents for detection of molecular interaction (Steegborn and Skladal 
1997; Bunde and Jarvi et al., 1998). ELISA, SPR and QCM need the solid phase as described above, 
and the fluorescence resonance energy transfer (FRET) system is more cost effective, as it required a 
shorter assay time and reduced investment in equipment than existing assay systems. 
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1.3 Introduction of FRET system 
 
本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5年以内に出版予
定。 
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1.4 General introduction to TTX 
 
Tetrodotoxin (TTX) has been received increasing interests due to its special properties. It is one of 
the most potent marine neurotoxins, which blocks the sodium channels of the excitable cell membrane 
of animals. Although TTX was originally isolated from puffer fish (Yokoo 1950), it has been found in 
widely divergent animal species, including puffer fish, gobies, frogs and shellfish (Tao and Wei et al., 
2010). It is a stable toxin unaffected by cooking or freezing (Watters 1995). TTX poisoning often 
occurs in some countries such as Egypt, Korea, China and Japan. TTX poisoning in human always due 
to ingestion of improperly handled toxic puffer fish. The toxicity of TTX is caused by it selectively 
blocking voltage-gated Na+ channels on the surface of the nerve membranes causing blood vessels to 
relax, leading to a sudden drop in blood pressure. The main causes of death in TTX poisoning are 
paralysis and respiratory failure (Neagu and Micheli et al., 2006). 
Despite TTX has a long history and perfect knowledge of its toxicity and pharmacology, its pathway 
and biogenic origin are largely unknown. The unique structure of TTX lack of its detection and 
comparative biosynthesis studies have hindered the development of molecular tools for the purpose of 
pathway. Although a popular hypothesis proposes that a symbiotic or commensal bacterium living 
within those organisms are risible for TTX production, it is unclear how or why TTX occurs in such a 
diverse range of phylogenetically unrelated organisms. 
 
Chemistry of TTX 
TTX was isolated as a crystal by Yokoo in 1950 (Yokoo 1950), and chromatographically in the 
1960s (Brown and Mosher 1963). Its structure was not confirmed until several groups elucidated it 
independent of each other in the middle 1960s (Tsuda and Tachikawa et al., 1964; Woodward 1964; 
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Goto and Kishi et al., 1965). Although toxicity and pharmacology of TTX are well known, much of the 
research regarding the biogenesis of TTX is still unclear. TTX is a low molecular weight hapten with 
no substructure to induce immunoreactions, which makes it necessary to couple TTX to a carrier 
molecule in order to produce antibodies against TTX. It has a very unique structure. TTX is containing 
a highly oxygenated carbon backbone which attached with a single guanidinium moiety (Fig. 1.4.1, in 
red). The carbon backbone of TTX consists of a 2,4-dioxaadamantane structure, decorated with four 
primary hydroxyl groups and one secondary hydroxyl group (Chau and Kalaitzis et al., 2011). The 
molecular formula of TTX is C11H17O8N3. Pure TTX is insoluble in water and in most organic solvents 
such as methanol, ethanol and dimethylsufoxide. The acid dissociation constant pKa of TTX in water is 
8.76 ± 0.01, it suggests that TTX dissolves in weak acid solution. Therefore, the citrate-treated TTX is 
always used as a commercial reagent for routine pharmacological studies. Since TTX is unstable at 
both high and low pH, it is best to keep solutions of the toxin at pH 5 with a suitable buffer. TTX can 
be stored in frozen for long periods without loss of toxicity (Moczydlowski 2013). Besides from TTX 
itself, its analogs are contained in puffer fish. TTX and analogues are displayed in Fig. 1.4.1.  
 
Fig. 1.4.1. TTX and analogues (Chau and Kalaitzis et al., 2011). 
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Toxicity of TTX  
TTX poisoning is a common poisoning along the coasts of Asia. Puffer poisoning has been reported 
in many Asian countries including Thailand, Malaysia, Bangladesh, Taiwan, China and particularly 
Japan (Haque and Islam et al., 2008). TTX is present in high concentrations in the liver, ovaries, 
intestines and skin of puffer fish (Saoudi and Abdelmouleh et al., 2010). TTX is known as one of the 
most toxic substances. It is 275 times more lethal than cyanide and 50 times more potent than 
strychnine or curate (Haque and Islam et al., 2008). TTX is heat-stable and water-soluble, thereby 
boiling of puffer fish in water cannot destroy the toxin. In human, the MLD50 of TTX is approximately 
estimated to be 10,000 MU, equivalent to 2 mg (Noguchi and Ebesu 2001). Symptoms of poisoning 
generally start with perioral paraesthesia, followed by weakness of the limbs and progressive muscular 
paralysis, eventually causing death due to respiratory paralysis (Islam and Razzak et al., 2011). There 
are no antidote has been developed and approved for human use. 
TTX toxicological studies using a mouse bioassay standardized for TTX have been used to assess 
its level of toxicity, which is expressed as mouse units per mg TTX (MU/mg). Specific toxicity of TTX 
is 5000-8000 MU/mg where 1 MU is defined as amount of TTX that can kill a male ddY strain mouse 
with a body weight of 20 g in 30 min after intraperitoneal injection (i.p.). The material data safety sheet 
for TTX lists a LD50 for mice at 334 μg/g after oral application. 
 
Pharmacology of TTX 
The toxicity of TTX is caused by selectively blocking voltage-gated Na+ channels on the surface of 
the nerve cell membranes causing blood vessels to relax, leading to a sudden drop in blood pressure 
(Neagu and Micheli et al., 2006). TTX block voltage-gated Na+ channels of nerve and muscle 
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membranes at nanomolar concentrations (Hille 1975). It is potent and potentially lethal marine toxins 
with great value to ion channel research. It allows separation of Na+ currents from other ionic currents 
in native cells, since its specificity for Na+ channels. Kao and other researchers (Kao 1986; Mosher 
1986) have identified the toxicity active groups in TTX. These are the guanidinium group and the 
hydroxyls at C9 and C10 (Fig. 1.4.1). The guanidinium group is thought to form an ion-pair with an 
anionic site of the channel molecule, while the C9-OH and C10-OH form hydrogen bonds with other 
sites (Kao and Walker 1982). The C4 and C9 are joined by an oxygen bridge (Lipkind and Fozzard 
1994). Therefore, the guanidinium group and oxygen group have very important places in TTX 
toxicity.  
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1.5 Common detection methods for TTX 
 
TTX is one of the best known marine toxins that is usually isolated from puffer fish. The muscle 
that is the main edible portion is often toxic, resulting in paralytic poisoning and occasional death in 
humans. It is essential to monitor the TTX level in puffer fish tissue and select edible puffer fish 
species to ensure the safety of consumers, and the detection methods consequently become more 
important. Over the past decade, several biological and chemical qualitative and quantitative analysis 
methods have been developed. Of these methods, some are only used to identify TTX qualitatively, 
such as UV spectroscopy, IR spectrometry, gas chromatography-mass spectrometry (GC-MS), fast 
atom bombardment mass spectrometry (FABMS) and 1H-NMR spectrometry (Noguchi and Mahmud 
2001). Among the quantitative detection methods, the previously commonly used detection method is 
the mouse bioassay as described above. The other important methods are the cytotoxicity test, 
immunoassay, liquid chromatography-mass spectrometry (LC-MS), electrospray ionization-time of 
flight/mass spectrometry (ESI-TOF/MS) and high-performance liquid chromatography (HPLC). In this 
part, the common detection methods for TTX used in the present study are introduced. 
Mouse bioassay 
Mice have been commonly used for determination of several toxins. To know the concentration of 
TTX in a sample of interest, the mouse bioassay is usually used. It is also used to identify an unknown 
toxin extract in comparison with a TTX-specific dose-death time relationship curve. In the mouse 
bioassay, the unknown toxin extracted with 0.1 % acetic acid is prepared to a series of test solutions. 
Aliquots of each test solution are intraperitoneally injected into a group of mice. The unknown 
concentrations of toxin are determined from the drew dose-death time curve which used the known 
concentration of TTX (Hwang and Jeng 1991). Although the mouse has been commonly used for 
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determination of TTX, it has many disadvantages, sensitivity due to individual differences and 
humanitarian experiment to avoid using animal as possible.  
High-performance liquid chromatography (HPLC) 
HPLC method has been developed for both qualitative and qualitative analysis of TTX and 
improved constantly (Yasumoto and Nakamura et al., 1982). The TTX in the samples is separated from 
other molecules in a buffer system and on a stationary phase with silica gel or ion exchange resin 
(Nagashima and Maruyama et al., 1987; Yotsu and Endo et al., 1989). A post column reaction is 
introduced that triggers the reaction of TTX to a C9-quinazoline derivative 
(2-amino-6-hydroxymethyl-8-hydroxyquinazoline) (Fig. 1.5.1) (Goto and Kishi et al., 1965). This 
reaction is commonly performed with 4 N NaOH from a separate pump in an oven set at about 110°C 
and the reaction time of 2 min (Shoji and Yotsu-Yamashita et al., 2001). In quantitative analysis of 
HPLC, the detection limit of the authentic TTX is about 0.03 μg (Yasumoto and Michishita 1985). But 
one of the disadvantages in this method is the varying fluorescent intensity among TTX and its 
cumbersome management.  
 
Fig. 1.5.1. Production of alkaline degradation of TTX to C9 quinazoline derivative (Goto and Kishi et 
al., 1965). 
 
Electrospray ionization-time of flight/mass spectrometry (ESI-TOF/MS) 
Although ESI-TOF/MS is not widely used in determination of TTX currently, it is a valuable 
technique. For TTX detection, the positive mode shows higher sensitivity than the negative mode 
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(Horie and Kobayashi et al., 2002).  
Matrix Assisted Laser Desorption Ionization -time of flight/mass (MALDI-TOF/MS) 
This method is a soft ionization technique used in mass spectrometry, allowing the analysis of 
biomolecules and large organic molecules, which tend to be fragile and fragment when ionized by more 
conventional ionization methods. Therefore the method is used for quick analysis both of low and high 
molecular materials.  
UV spectroscopy  
In this method, TTX is generally determined by irradiating a crude toxin with UV light. In the 
analysis, the UV spectrum of alkali-decomposed compounds of TTX strongly appears at around 276 
nm (Tanu and Noguchi 1999).  
Immunoassay  
A variety of immunoassay methods for TTX detection have been developed and are still being 
improved such as ELISA, SPR, QCM and others, as described in the section of food allergen detection 
methods (Section. 1.2). In those immunoassay methods, the antibody played a most important part. 
Two of the latest immunoassay methods to detect and quantify TTX are the gold nanoparticle 
probe-based immunoassay and the fluidic force discrimination (FFD) assay. The gold nanoparticle 
probe-based immunoassay is a competitive immunoassay which uses gold nanoparticle-labeled 
monoclonal antibody against TTX and is performed on a cellulose-nitrate membrane (Zhou and Li et 
al., 2010). The same style detection method is also used to detect food allergen. Major advantages of 
this assay are that it can be performed on location without need of any equipment, and this analysis 
takes only about 10 minutes at a reasonably sensitive detection limit. The FFD assay is also a 
competitive immunoassay which uses a sandwich format with microbeads (Yakes and Etheridge et al., 
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2010). Since it renders extensive dilution series to find the concentration range, in which TTX from 
samples can be measured confidently, unnecessary.  
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Purpose of this study 
 
Studies on food allergies demonstrated that tropomyosin is an invertebrate pan-allergen and shows 
cross-reactivities among the given invertebrate species (Reese and Ayuso et al., 1999). Detection kits 
for shellfish tropomyosin are commercially available in Japan (Seiki and Oda et al., 2007; Shibahara 
and Oka et al., 2007). However, tropomyosin is relatively labile in enzymatic processing (Hoffman and 
Day et al., 1981), the tropomyosin fragmented peptides containing IgE epitope sequences remain easily 
in processed food. Those detection kits with non-specific IgE epitope antibodies might fail to detect 
allergenic peptides in processed foods, such as fermented products and fish sauce. Emoto et al. (Emoto 
and Ishizaki et al., 2009) demonstrated that an amino acid sequence around the C terminal is shared 
among shellfish tropomyosins and that the sequence is strongly recognized by sera of human 
individuals sensitive to shellfish. Immunological reaction-based techniques have been described to 
identify and quantify allergens in food including enzyme-linked immunosorbent assay (ELISA) 
(Jeoung and Reese et al., 1997). Even though some monoclonal antibodies (MAbs) had been obtained 
against invertebrate tropomyosin (Barletta and Butteroni et al., 2005; Lu and Ohshima et al., 2007), it 
is necessary to develop an MAb recognizing the tropomyosin IgE epitopes shared by invertebrate 
species for rapid and highly sensitive detection. 
For TTX detection, several immunoassay techniques have been developed so far. Watabe et al. 
reported that the MAb titer obtained from BALB/c mice immunized with TDA-bovine serum albumin 
(BSA) conjugated was low (Watabe and Sato et al., 1989). Huot et al. prepared two MAbs against TTX. 
The capability for TTX was 50 ng/ml (Huot and Armstrong et al., 1989). Kawatsu et al. developed a 
ELISA that can detect TTX at concentration range of 2-200 ng/ml (Kawatsu and Hamano et al., 1997). 
Tao et al. reported a competitive ELISA for TTX detection with the limit of 5 ng/ml (Tao and Wei et al., 
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2010). These investigators all used an immunogen prepared by treating a mixture of TTX and BSA, 
ovalbumin (OVA) or keyhole limpet hemocyanin (KLH) with an excess of formaldehyde (Fig. 1.1). As 
shown in Fig. 1.2, these resulting antibodies binding site is different from the binding site of 
biologically active site. It suggests that the conventional antibodies have low specificity to TTX 
toxicity active site. 
 
Fig. 1.1. The reaction formula of Mannich method (Lin and Speranza et al., 1997). 
 
Considering the merits that MAb is specific to particular antigen, and FRET system can rapid and 
sensitively detect the antibody-antigen interactions without any immobilization procedure. As the first 
goal of the present study is to prepare the MAbs specific to invertebrate tropomyosin and to develop 
rapid or sensitive immunoassays based on the MAbs for allergen detection and quantification by using 
sandwich ELISA and FRET systems. 
In order to produce antibodies against TTX, it is necessary to couple TTX to a carrier protein since 
TTX is a low molecular weight of 319 hapten with no substructure to induce immunoreaction. Fig. 1.2 
shows the location of the two conjugation chemistries on the TTX molecule. As described above, the 
guanidinium group and oxygen group have very important place in TTX toxicity. Generally, an indirect 
method is used to generate anti-TTX antibodies in earlier studies (Kawatsu and Hamano et al., 1997; 
Zhou and Li et al., 2009). These TTX-protein conjugate immunogens were all prepared using a 
modified formaldehyde method (Fig. 1.2B) (Huot and Armstrong et al., 1989). Although this method 
can easily conjugate TTX with carrier proteins, the resulting monoclonal antibodies (MAbs) probably 
have low specificity to the toxicity active site (Fig. 1.2). The purpose of this study is preparing 
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antibodies with high specificity to toxicity active site of TTX (Fig. 1.2A). Using these MAbs, a useful 
immunoaffinity column chromatography could also been developed for isolation and identification of 
TTX. The MAbs can be used not only for detection the free TTX, but also for elucidation of TTX 
biochemical production and accumulation mechanism. Moreover the MAbs may be used as antidote to 
TTX.  
 
Fig. 1.2. Illustration of two conjugation sites for TTX. (A) Formaldehyde linkage was used in the 
production of the conventional antibody. (B) Linkers were used to conjugate TTX to carrier protein in 
this work which was biologically active to voltage-gated Na+ channels. P: carrier protein. 
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Content of dissertation  
 
This thesis composed of four chapters. Chapter 1 deals with general introduction. 
In Chapter 2, the detection methods based on specific mouse MAbs against the sequences of IgE 
epitope shared by several shellfish tropomyosins were developed and characterized. Fistly, the MAbs 
BE9, EB11 and DC3 raised against the sequences of T1 EKYKSISDELDQTFAEL and T2 
KSISDELDQTFAEL were obtained and characterized. Then MAb CE7B2 against the sequence of T3 
SISDELDQTFAEL was established and characterized to be specific to the allergenic tropomyosins 
from different invertebrate species. Subsequently, a sandwich ELISA and a FRET system based on the 
MAb CE7B2 were developed and applied for detection of tropomyosin. 
In Chapter 3, TTX was purified from the ovaries of natural puffer fish. The concentration of the 
purified TTX was analyzed by HPLC. A novel derivative of TTX for generation of antibodies was 
prepared and analyzed. The chemistry employed for protein modification was analyzed by 
MALDI-TOF/MS and SDS-PAGE. Subsequently, Five MAbs which produced against the novel 
derivative of TTX were prepared and characterized. The specificity of these MAbs were assayed by 
Screener blotter, competitive ELISA and ESI-TOF/MS.  
The results obtained in the present study and future perspectives were comprehensively discussed in 
Chapter 4.  
Some parts of this thesis have been already published as follows: 
Hong Zhang, Ying Lu, Hideki Ushio, Kazuo Shiomi. 2014. Development of sandwich ELISA for 
detection and quantification of invertebrate major allergen tropomyosin by a monoclonal antibody. 
Food Chemistry, 150, 151-157. 
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Chapter 2 Development of detection and quantification methods based on 
monoclonal antibodies against an invertebrate major allergen tropomyosin 
 
Shellfish are an increasingly important cause of IgE-mediated food allergy. One of the major 
shellfish allergen is trompomyosin. Tropomyosin belongs to a family of proteins associated with the 
thin filament in muscle, and microfilaments in many nonmuscle cells. Tropomyosin is soluble in water 
and in dilute salt solutions, the method of ammonium sulfate fraction is normally used for its extraction. 
Allergic tropomyosins are found in invertebrates such as crustaceans, mollusks, arachnids, insects, 
whereas vertebrate tropomyosins are nonallergenic (Reese and Ayuso et al., 1999). Studies of 
cross-reactivities among crustaceans, mollusks, cockroaches and dust mite have been established, and 
suggested tropomyosin as an important cross-sensitizing major allergen (Reese and Ayuso et al., 2012). 
Currently, there are several technical possibilities for the detection of potential allergens in food 
products. The methods employed are either targeting the allergen itself or a marker that indicates the 
presence of the offending food. Immunological and molecular biological methods are commonly used 
as inexpensive, sensitive, and highly selective methods for the detection and quantification of a wide 
variety of noxious substances (Raybould and Bignami et al., 1992). In the previous studies, the main 
molecular biological method is polymerase chain reaction (PCR), and immunological methods: 
enzyme-linked immunosorbent assay (ELISA), surface plasmon resonance (SPR) biosensor technology 
and quartz crystal microbalance (QCM) immunosensor. ELISA is probably the method that are used 
most commonly by the food industry and official food control agencies (van Hengel 2007). However, 
ELISA, SPR and QCM need to labeled regent or solid phase. For the purpose to develop rapid and/or 
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sensitive immunoassays based on the monoclonal antibodies for tropomyosin detection and 
quantification, in the present chapter, a sandwich ELISA and fluorescence resonance energy transfer 
(FRET) system were developed.   
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2.1 Preparation of tropomyosin-rich fractions and processed food extracts 
2.1.1 Introduction 
Crustaceans such as shrimp and crab are frequent causes of allergic reaction to foods. Several 
allergens were identified, but the muscle protein tropomyosin seems to be one major allergen (Reese 
and Ayuso et al., 2012). Additionally, tropomyosins are important allergens in other crustaceans, 
mollusks and in other invertebrates such as house dust mite and cockroaches (Boquete and Iraola et al., 
2011). In this section, the tropomyosins were extracted and purified from 16 species of invertebrates 
and 9 kinds of processed food for characterize the developed monoclonal antibodies in later section. 
 
2.1.2 Materials and Methods 
Materials 
The tropomyosin materials used in this study are listed in Table 1. Fresh specimens of kuruma prawn 
(Marsupenaeus japonicus), pink shrimp (Pandalus borealis), king crab (Paralithodes camtschaticus), 
swimming crab (Portunus trituberculatus), red snow crab (Chionoecetes japonicus), horsehair crab 
(Erimacrus isenbeckii), short-neck clam (Raditapes philippinarum), disk abalone (Haliotis discus), 
Sakhalin surf clam (Pseudocardium sachalinense), bloody cockle (Anadara broughtonii), Yezo scallop 
(Patinopecten yessoensis), whelk (Neptunea polycostata), Japanese flying squid (Todarodes pacificus), 
common octopus (Octopus vulgaris), sea cucumber (Stichopus japonicus), ascidian (Halocynthia 
roretzi), red sea bream (Pagrus major), American bullfrog (Rana catesbeiana), chicken (Gallus gallus 
domesticus) and cattle (Bos primigenius) were obtained from local markets. Dust mite 
(Dermatophagoides pterouyssinus) extract and American cockroach (Periplaneta fluiginosa) whole 
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body powder were obtained from Bio Stir (Tokyo, Japan). 
The extracts from instant noodle soup mix of seafood style, Chinese-inspired bean-starch vermicelli 
soup mix (containing shellfish in materials), and Sichuan-inspired bean-starch vermicelli soup mix 
(showing no shellfish ingredients in the label on the package but a product through the same production 
line for shellfish-containing products), shrimp cracker, octopus cracker, shrimp powder, fish sauce, 
kimchi (showing no shellfish ingredient in the label on the package) and kimchi sauce were obtained 
from local supermarkets.  
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Table 1 Tropomyosin materials in this study 
Phylum Class Family Species Common name 
Arthropoda Malacostraca Penaeidae Marsupenaeus japonicus  Kuruma prawn 
Pandalus borealis Pink shrimp 
Lithodidae Paralithodes camtschaticus King crab 
Atelecyclidae Erimacrus isenbeckii Horsehair crab 
 Oregoniidae Chionoecetes japonicus Red snow crab 
Portunidae Portunus trituberculatus Swimming crab 
Arachnida Pyroglyphidae Dermatophagoides pterouyssinus Dust mite 
Insecta Blattidae Periplaneta fluiginosa American cockroach 
Mollusca Bivalvia Veneridae Raditapes philippinarum Short-neck clam 
Mactridae Pseudocardium sachalinense Sakhalin surf clam 
Arcidae Anadara broughtonii Bloody cockle 
Pectinidae Patinopecten yessoensis Yezo scallop 
Gastropoda Haliotidae Haliotis discus Disk abalone 
Buccinidae Neptunea polycostata Whelk 
Cephalopoda Ommastrephidae Todarodes pacificus Japanese flying squid 
Octopodidae Octopus vulgaris Common octopus 
Echinodermata Holothuroidae Holothuriidae Stichopus japonicus Sea cucumber 
Chordata Ascidiaca Pyuridae Halocynthia roretzi Ascidian 
Actinopterygii Sparidae Pagrus major Red sea bream 
Amphibia Ranidae Rana catesbeiana American bullfrog 
Aves Phasianidae Gallus gallus domesticus Chicken 
Mammalia Bovidae Bos primigenius Cattle 
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Preparation of tropomyosin-rich fractions and processed food extracts 
The tropomyosin-rich acetone powder was prepared from each sample according to the method of 
Greaser and Gergely (Greaser and Gergely 1971) with slight modifications presented in Fig. 2.1.1. 
Fresh muscles of the samples were individually minced and extracted in a buffer A (1:5, w/v) 
containing 20 mM KCl, 1 mM CaCl2 and 0.1 mM dithiothreitol (DDT) for 10min. After centrifuged at 
10,000 g for 20 min at 4°C, the resulting precipitates were washed in a buffer A and centrifuged again. 
Then the obtained precipitates were washed four times with acetone and evaporated at room 
temperature overnight. Subsequently, the acetone powders of materials were extracted overnight in a 
buffer B (1:15, w/v) containing 1 M KCl, 25mM Tris (pH 8.0), 1 mM KHCO3, 0.1 mM CaCl2 and 0.1 
mM DDT. After centrifugation at 15,000 g for 25 min, the supernatants were dissolved in 20 volumes 
of 50 mM phosphate buffer (pH 7.2), and subjected to salting-out (30-55% saturation of ammonium 
sulfate) to obtain myofibrillar proteins. In order to separate the heat-stable tropomyosin from the other 
myofibrillar proteins, the resulting tropomyosin solutions were kept at 100°C for 30 min. (Hoffman and 
Day et al., 1981). After centrifugation, the resulting supernatant was desalted through a PD-10 column 
(GE Healthcare Japan, Tokyo, Japan) and stored at -80°C until use. On the other hand, the processed 
food materials were separately incubated in five volumes of 50 mM phosphate buffer (pH 7.2) 
overnight at 4°C. After centrifugation at 15,000 g for 25 min, the supernatant was desalted by the 
PD-10 column and stored at -80°C until use. 
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Fig. 2.1.1. Profile for preparation of tropomyosin antigens. Buffer A: 20 mM KCl, 1 mM CaCl2 and 
0.1 mM DDT. Buffer B: 1 M KCl, 25mM Tris (pH 8.0), 1 mM KHCO3, 0.1 mM CaCl2 and 0.1 mM 
DDT. Arrows means the condition changes of the samples.  
 
Protein quantification 
Concentrations of obtained antigens were quantified by Bradford method (1976) using bovine 
serum albumin (BSA, Sigma-Aldrich Japan, Tokyo, Japan) as a standard protein. 
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Characterization of tropomyosin antigens by SDS-PAGE 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using a 
10% separating gel (Laemmli 1970). The proteins were stainined with Coomassie brilliant blue 250R 
(CBB). The short-neck clam tropomyosin, a 37 kDa protein in a molecular mass, was used as a 
tropomyosin marker protein. Tris-tricine SDS-PAGE was also performed with a separating gel (16.5% 
T, 3% C) and a stacking gel (4% T, 3% C) according to Schagger and von Jagow (Schagger and von 
Jagow 1987). In this case, the gel was stained with SYPRO Ruby protein gel stain (Bio-Rad 
Laboratories, Inc., Tokyo, Japan). Color Marker Ultra-low range (Sigma-Aldrich Japan, Tokyo, Japan) 
was used as molecular weight makers. 
 
2.1.3 Results and Discussion 
The presence of a heat-stable allergen in shrimp was first identified by Hoffman and Miller 
(Hoffman and Day et al., 1981) with a molecular mass of 36.8 kDa. Further research demonstrated that 
the heat-stable allergen is actually tropomyosin, a myofibrillar protein composed of two identical 
subunits in molecular masses of 35-39 kDa, and was regarded as the major allergen of shrimps (Lopata 
and O'Hehir et al., 2010). Study on shellfish allergy indicated that tropomyosin is a major 
cross-reactive allergy among crustaceans, mollusks and insects (Arruda 2005; Lopata and Lehrer 2009). 
In recent years, tropomyosin has been demonstrated to be a major allergen for various invertebrate with 
a molecular mass around 37 kDa, including crab (Leung and Chen et al., 1998), squid (Miyazawa and 
Fukamachi et al., 1996), octopus (Ishikawa and Suzuki et al., 2001), dust mite (Boquete and Iraola et 
al., 2011) and cockroach (Chu and Wong et al., 2000). 
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In the SDS-PAGE CBB staining, the samples gave bands in the range of 34-39 kDa (Fig. 2.1.2). For 
dust mite and cockroach of whole body powder, the bands around 36 kDa were detected in the CBB 
staining gel. Two remarkable bands around 37 kDa of chicken and beef suggested that tropomyosin 
should be composed of two subunits (Lehman and Craig 2008). The observation that tropomyosin may 
be successfully extracted and purified from the fresh muscle samples.  
 
 
Fig. 2.1.2. Analysis of tropomyosin prepared (lane: 1-23) and extracted (lane: 24, 25) from various 
vertebrates and invertebrates and vertebrates by 10 % SDS-PAGE gels, stained with CBB. The protein 
concentrations of around 40 μg/ml were subjected to the SDS-PAGE. Each lane was around 200 ng for 
panel A and 100 ng for panel B. 
 
Tris-Tricine SDS-PAGE was performed with short-neck clam tropomyosin as a reference molecular 
mass of 37 kDa (Fig. 2.1.3.). Color Marker Ultra-low Range (Sigma, Tokyo, Japan) was used as a 
molecular weight maker set. The samples gave the significant bands around molecular mass of 14 kDa, 
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20 kDa and 37 kDa in SYPRO Ruby gel stain (Fig. 2.1.3 A). On the other hand, CBB stain was 
performed in processed food extracts transferred PVDF to detect peptides (Fig. 2.1.3 B). The result 
showed the bands molecular mass below 1 kDa (Fig. 2.1.3 B, lanes 3-7, 9). The results suggest that the 
37 kDa bands could be undegraded tropomyosin as compared with the reference protein (lane 1).  In 
addition, tropomyosin is easily degraded by proteolytic enzymes (Rahman and Lopata et al., 2010), 
many kinds of tropomyosin fragments could be contained with the molecular mass below 37 kDa. The 
successful extraction would be used to characterize the MAbs in later section.  
 
Fig. 2.1.3. Analysis of different processed foods (lane: 2-10) by Tris-Tricine SDS-PAGE. Proteins from 
processed foods were isolated by 10 % Tris-Tricine SDS-PAGE gels. The gel was stained with SYPRO 
Ruby protein gel stain (A). The proteins was blotted to PVDF membranes and stained with CBB (B). 
The materials of bean-starch vermicelli soup mix S contained no shellfish, but the same production line 
was used with bean-starch vermicelli soup mix C containing shellfish. C: Chinese-inspired. S: Sichuan 
style. Each lane was around 3 μg for panel A, B. 
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2.2 Preparation of monoclonal antibodies against invertebrate major allergen 
tropomyosin 
 
2.2.1 Introduction 
Monoclonal antibodies (MAbs) are useful tools for many molecular immunology investigations. In 
particular, when used in combination with techniques such as epitope mapping and molecular modeling, 
monoclonal antibodies enable the antigenic profiling and visualization of macromolecular surfaces. 
Monoclonal antibodies have become key components in clinical tests and detection techniques. The 
continuous culture of hybridoma cells that produce these antibodies offers the potential of an unlimited 
supply of reagent (Nelson and Reynolds et al., 2000). In this section, the monoclonal antibodies 
(MAbs) against the sequences of IgE epitope shared by some shellfish tropomyosins were developed 
for tropomyosin detection.  
 
2.2.2 Materials and methods 
Synthetic peptide design 
The previous studies demonstrated that a peptide sequence around C-terminal on the sequence of IgE 
epitope was shared by several shellfish tropomyosins (American lobster, brown shrimp, mantis prawn, 
krill, snow crab, octopus, Japanese abalone, scallop, clam, Japanese oyster). This sequence was 
strongly recognized by sera of human patients sensitive to shellfish tropomyosins (Emoto and Ishizaki 
et al., 2009). The present peptides were designed based on the sequences of IgE epitope shared (Fig. 
2.2.1) and synthesized through the Fmoc method (Atherton et al., 1979). The designed sequences in the 
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present study are T1: NH2-EKYKSISDELDQTFAELC-COOH, T2: 
NH2-KSISDELDQTFAELC-COOH, and T3: NH2-SISDELDQTFAELC-COOH (Fig. 2.2.1). In these 
sequences, the amino acid cluster with strong hydrophobicity was avoided and six very high 
homologous amino acid (ISDELD) residues were placed at center. The cysteine was added at 
C-terminal position for the following conjugation to carrier proteins. The designed peptides were 
conjugated with boving serum albumin (BSA) or keyhole limpet hemocyanin (KLH) using 
m-maleimidobenzoyl-N-hydroxysuccinimide (MBS, Thermo Fisher Scientific K.K., Yokohama, Japan) 
according to the manufacturer instructions. In this study, the KLH-conjugated peptides were used for 
immunization, and the BSA-conjugated peptides were used for hybridoma selection. 
 
Fig. 2.2.1. The sequences of IgE epitope shared by several shellfish tropomyosins from GenBank 
database at regions 265-284. American lobster (fast tropomyosin soform, Homarus americanus, 
AAC48288), brown shrimp (Farfantepenaeus aztecus, AAZ76743), mantis prawn (Macrobrachium 
rosenbergii, ADC55380), krill (Oratosquilla oratoria, BAF95206), snow crab (slow-tonic isoform, 
Chionoecetes opilio, BAF47267), octopus (Octopus vulgaris, BAE54433), Japanese abalone (Haliotis 
discus discus, BAH10148), scallop (Mizuhopecten yessoensis, BAB17858), clam (Venerupis 
philippinarum, BAH10157), and Japanese oyster (Crassostrea gigas, BAH10152). The region colored 
red showed high homologous amino acids between different shellfish tropomyosin. The blue colored 
are hydrophobic residues. 
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Immunization 
Three individuals of female BALB/c mice (6 weeks, Clea Japan, Tokyo, Japan) were 
intraperitoneally immunized respectively with an emulsion of 100 μl antigen solution containing 20 μg 
of each KLH-conjugated peptide and 100 μl TiterMax Gold (CytRx Cop., GA) on day 0 and the 14th 
day. The immunized BALB/c mice were given an intravenous injection the amount of 100 μl 
immunogen solution 3 days (25th day after the first immunization) before the following cell fusion 
procedure. 
 
Cell fusion and selection 
The cell fusion was carried out according to the method of Kohler and Milstein (Kohler and 
Milstein 1975) with slight modifications as described previously (Lu and Oshima et al., 2004). The 
spleens were removed from immunized BALB/c mice 3days after the last boost and were fused with 
mouse myeloma cell line P3-X63-Ag8.U1 (P3U1) using polyethylene glycol (PEG) 1,500 (Roche 
Diagnostics Japan, Tokyo, Japan) and then were selected in a GIT medium (Wako Pure Chemical 
Industries, Ltd., Tokyo, Japan) containing 10% BM-conditioned H1 (Roche Diagnostics Japan, Tokyo, 
Japan) and 1% hypoxanthine-aminopterin-thymidine (HAT) supplement (Roche Diagnostics Japan, 
Tokyo, Japan). Specific antibody screenings were performed by ELISA analysis. Positive hibridomas 
were cloned by limiting dilution method. The immunoglobulin isotypes and subclass of the new MAbs 
were determined using a mouse monoclonal antibody isotyping kit (Roche Diagnostics Japan). 
 
MAb production and purification 
Procedures for purification of MAb from cell culture and ascites fluid were illustrated in Fig. 2.2.2. 
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The IgG antibody fractions were prepared by ammonium sulfate precipitation, followed by the protein 
G column purification (GE Helthcare Japan, Tokyo, Japan). The concentrations of MAbs were 
quantified by UV spectrophotometry at 280 nm (IgG: A280=1.4, UV-1700, Shimadzu Corporation, 
Kyoto, Japan). The resulting purified MAb powders were stored at -85°C.  
 
ELISA analysis 
The BSA-conjugated peptide or 0.2 μg/ml of tropomyosin protein samples as antigens (1: 10,000) 
were immobilized onto 96-well polystyrene plates (Corning Japan, Tokyo, Japan) at 100 μl/well of a 1 
mg/ml concentration of protein in TBS for 1 h. After washing three times, each well was blocked with 
TBS containing 5% skim milk at 4°C overnight, and then incubated with 100 μl of hybridoma culture 
supernatants at room temperature for 1 h. After washing, the plates were incubated for 1 h with 100 μl 
of horseradish peroxidase (HRP)-rabbit anti-mouse immunoglobulin G+A+M (H+L) antibody (1: 
5,000 v/v, ZYMED Laboratories, Carlsbad, USA) in TBS containing 0.5% polyoxyethylene (20) 
sorbitan monolaurate (Wako, Tokyo, Japan) (TBST). Finally, 100 μl of freshly made substrate solution 
of Sigmafast OPD color former (Sigma-Aldrich Japan, Tokyo, Japan) was added and 1 M H2SO4 was 
used to stop the enzyme reaction. The absorbance was measured at 492 nm. TBS was used as a 
negative control. 
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Fig. 2.2.2. Profile for purification of monoclonal antibody. Arrow means the experiment step. 
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Screener blotter analysis 
Purified tiger prawn tropomyosin was electrophoresed on SDS-PAGE gel and transferred onto a 
PVDF membrane. The membrane was blocked with TBS containing 5% skim milk. After washing with 
TBST, the membrane was placed in a screener blotter (Screener Blotter Mini 12, Sanplatec, Osaka, 
Japan) apparatus. Hybridoma supernatants were applied to each lane and incubated at room 
temperature for 1 h with shaking. After washing in TBST, the membrane was incubated with goat 
anti-mouse IgG or IgM (H+L) Alexa Fluor 680. Finally, the reacted bands were visualized using the 
Odyssey (Fc Imaging System, MS Techonosystems, Tokyo, Japan). 
 
2.2.3 Results and Discussion 
Three days after the intravenous immunization, the mouse with the highest antibody titer against 
immunogen was splenectomized and the spleen cells were fused with P3U1 myeloma cells. Antibody 
levels in supernatants from the positive wells were detected by ELISA. Eventually, two hybridomas 
secreting the MAbs against KLH-T1 were selected through the limiting dilution method, designated as 
BE9 and EB11, respectively. Isotyping results indicated that the two MAbs were of subclass IgM with 
κ light chain (Table 2). 
For the peptide KLH-T2, one positive MAb against peptide T2 was identiﬁed and designated as 
DC3; its isotype was identiﬁed as IgM with κ light chain (Table 2). 
Most of the obtained hybridomas generated against the KLH-T3 immunogen showed positive 
response to BSA-T3 in the first ELISA screening. However, after the second screening by ELISA and 
Western blot analyses using a screener blotter, only the clone CE7B2 was found positive for crustacean 
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(Fig. 2.2.3) and molluscan tropomyosins (data not shown). The subtype of the MAb CE7B2 was 
identified as IgG 2a with κ light chain (Table 2). 
 
 
Fig. 2.2.3. Screener blotter analysis of BSA-T3 positive clones against purified tiger prawn 
tropomyosin.  
 
Table 2. General survey of developed monoclonal antibodies 
Monoclonal antibody Immunogen Subclassa  Light chain isotypea 
BE9 KLH-T1 IgM κ 
EB11 KLH-T1 IgM κ 
DC3 KLH-T2 IgM κ 
CE7B2 KLH-T3 IgG2a κ 
a: Subclass and isotypes of the monoclonal antibodies were determined by a mouse monoclonal 
antibody isotyping kit.  
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2.3 Characterization of monoclonal antibodies against invertebrate major allergen 
tropomyosin 
 
2.3.1 Introduction 
In recent years, it has been reported several MAbs against shellfish or filarial tropomyosins for 
detecting invertebrate tropomyosin (Lu and Oshima et al., 2004; Lu and Ohshima et al., 2007; Sereda 
and Hartmann et al., 2010). The obtained MAbs did not react to spread species invertebrate 
tropomyosin, since they were raised against only one type of intact invertebrate tropomyosin as an 
immunogen. The reported MAbs are presumably unable to detect specifically the common IgE epitopes 
of tropomyosin. Because the tropomyosin IgE epitope sequences are highly conserved among a wide 
range of invertebrate (Reese and Ayuso et al., 1999), it is reported that some patients allergic to shrimp 
tropomyosin are also allergic to other crustacean, mollusks or non-edible insects tropomyosins (DeWitt 
and Mattsson et al., 2004). These studies have indicated that the cross-reactivity among different 
allergens occurs because of shared similar or identical amino acid sequences of IgE-binding epitopes. 
In this section, the MAbs against the tropomyosin IgE epitope sequences were characterized. 
 
2.3.2 Materials and methods 
Electrophoresis and Western blot analysis 
Because of the high sensitivity and low background, Western blot analysis is widely used as a tool 
for biological, clinical and biomedical researches (Roca-Sanjuan and Delcey et al., 2011). In the 
routine clinical laboratory, chemiluminescence is commonly used for immunoassay (Kricka 2003). On 
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the other hand, in the fluorescence detection system, fluorescent antibodies were used with its high 
sensitivity. In this study, the chemiluminescent system was used to evaluate the allergenicity of 
tropomyosin by patient sera, and the fluorescent system was used to characterize and evaluate the 
developed MAbs. 
The obtained MAbs were characterized by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) or Tris-tricine SDS-PAGE as described in the section 2.1.2. For Western 
blot analysis, the proteins separated by 10% SDS-PAGE gel were transferred to a polyvinylidene 
fluoride (PVDF) membrane (Immobilon-PSQ, Merk Japan, Tokyo, Japan). The membranes were 
blocked with Tris-buffered saline (TBS; Takara Bio Inc., Shiga, Japan) containing 5% skim milk or 15 
mg/ml BSA at 4 °C overnight. After washing, the membranes were incubated with the supernatants 
from selected culture plate wells, purified MAbs solutions or patient sera for antibody characterization 
and allergenicity assessment. The Alexa Fluor 680 produced in goat anti-mouse IgM or IgG (1:10,000, 
Molecular Probes Lnc., USA) and goat horseradish peroxidase (HRP)-conjugated anti-human IgE were 
used as the secondary antibody. For the chemiluminescent assay, the specific reaction was detected 
with SuperSignal West Femto chemiluminescent substrate (Pierce Biotechnology, Inc., Rockford, IL., 
USA).  
 
2.3.3 Result and Discussion 
Muscle protein tropomyosin has been proved to be a major and common allergen in invertebrates 
(Reese and Ayuso et al., 1999). It was reported that some MAbs against shellfish major allergen 
tropomyosin have been prepared (Lu and Oshima et al., 2004; Lu and Ohshima et al., 2007). 
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Alternatively, an invertebrate MAb NR1 against allergen filarial tropomyosin was characterized 
(Sereda and Hartmann et al., 2010). But the MAbs cannot recognize all invertebrate tropomyosins. Lu 
and the colleagues demonstrated that the MAb 2A7H6 reacted to both of crustacean and mollusk 
tropomyosins, but not to octopus, clam, or others (Lu and Oshima et al., 2004; Lu and Ohshima et al., 
2007) (Fig. 2.3.6). MAbs 5G5E1 and 1A3A7 reacted to crustacean tropomyosin species only (Fig. 
2.3.6), whereas MAb NR1 was reported to specifically react to part of invertebrate tropomyosins but 
not to arthropods (Sereda and Hartmann et al., 2010). It has been established that individuals sensitive 
to shrimp may also be allergic to other invertebrates such as crustacea, mollusk, house dust mite, 
cockroach and fruit fly, since the tropomyosin IgE epitope sequences are highly conserved in the 
invertebrates (Lopata and O'Hehir et al., 2010). Therefore, it was important to prepare MAbs against 
the common IgE epitope sequences for detecting spread species invertebrate tropomyosin. 
 
Characterization of the MAbs against peptide T1 
In this study, Western blot assay was performed to evaluate the specific reaction of the obtained 
MAbs. The peptide T1 (NH2-EKYKSISDELDQTFAELC-COOH) was designed as described in 
Section 2.2 for recognition site of invertebrate tropomyosin. Cross-reactivity of the MAbs obtained 
against the peptide T1 was evaluated with various extracts from different species of invertebrates such 
as clam, abalone, ascidian, and sea bream. As shown in Fig. 2.3.1, the MAb BE9 not only reacts to the 
protein around 37 kDa of clam and abalone, but also reacts to vertebrate proteins around 37 kDa and 70 
kDa of ascidian and red sea bream, respectively. On the other hand, the MAb EB11 weakly reacts to the 
proteins of clam and bream, however the reaction was much weaker than BE9, and its reactivity level 
was extremely low. The results suggest that the MAb BE9 and EB11 did not response to mollusks 
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tropomyosin with the molecular mass around 37 kDa, but strongly react to vertebrate proteins (ascidian 
and red sea bream). The molecular mass around 25 kDa could be the degradation products of 
tropomyosin, and the 70 kDa was presumably a dimer of the 37 kDa protein. In conclusion, the MAbs 
raised against the peptide T1 reacted to vertebrate proteins, and showed low specificity to invertebrate 
tropomyosin. 
 
 
Fig. 2.3.1. Analysis of specificity of the MAbs generated against peptide T1 immunogen. 
Tropomyosins were extracted from Japanese common clam (Ruditapes philippinarum) and Japanese 
abalone (Haliotis discus) of invertebrate, ascidian (Halocynthia roretzi) and red sea bream (Pagrus 
major) of vertebrate. The proteins were separated by 10 % SDS-PAGE gel, and then stained by CBB 
(left panel). Proteins transferred PVDF membranes were analyzed by Western blotting. Purified MAb 
BE9 (middle panel) and EB11 (right panel) (1:5,000) were used as primary antibodies. Alexa Fluor 680 
conjugated goat anti-mouse IgM (1:10,000) was used as a secondary antibody. The protein 
concentrations of each lane was around 10 μg. TM: tropomyosin. 
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Characterization of the MAb from peptide T2 
The characterization of the MAbs generated against the peptide T2 
(NH2-KSISDELDQTFAELC-COOH) as an immunogen is shown in Fig. 2.3.2. The cross-reactivity 
profiles of the MAbs were evaluated using extracts from various crustacean, mollusks and vertebrates 
(prawn, crab, clam, abalone, cucumber flesh and intestine, ascidian, and sea bream). In the studies on 
the reaction to tropomyosin extracts, the MAb DC3 reacted to the bands around 42 kDa, 37 kDa, 25 
kDa, and low-molecular-weight substances. A serial of heat-stable tropomyosin with a molecular 
weight ranging from 34 to 38 kDa have been identified to be major allergen in different crustacean and 
mollusk species (Daul and Slattery et al., 1994; Ishikawa and Ishida et al., 1998; Leung and Chu 2001). 
Thus, the MAb DC3 obtained in the present study showed reactivity not only to prawn and crab of 
crustacean tropomyosin, but also to the clam and abalone of molluscan tropomyosin. But the MAb 
DC3 also reacted to the proteins around 37 kDa of red sea bream. These results indicated that the MAb 
DC3 was probably reactive to the common shellfish allergen tropomyosin and teleost myofibrillar 
proteins. In order to achieve a MAb specific against invertebrate tropomyosin, more studies was 
performed as follows.  
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Fig. 2.3.2. Analysis of specificity of the MAb DC3 against peptide T2 immunogen. Tropomyosins were 
extracted from tiger prawn (Penaeus monodon), red snow crab (Chionoecetes japonicus), Japanese 
common clam (Ruditapes philippinarum), Japanese abalone (Haliotis discus) and sea cucumber flesh 
and intestine (Stichopus japonicus) of invertebrate, ascidian (Halocynthia roretzi) and red sea bream 
(Pagrus major) of vertebrate. The proteins were separated by 10 % SDS-PAGE gel, and then stained by 
CBB (left panel). Proteins blotted PVDF membranes were analyzed by Western blotting. Culture 
supernatant (1:1,000) from DC3 clones (right panel) was used as primary antibody. Alexa Fluor 680 
conjugated goat anti-mouse IgM (1:10,000) was used as secondary antibody. The protein content of 
each lane was around 10 μg. TM: tropomyosin. 
 
As shown in Fig. 2.3.1 and Fig. 2.3.2, all of the developed MAbs reacted to the teleost (red sea 
bream) protein with the molecular mass of nearly 37 kDa. These results raised a possibility that the 
designing peptides sequence having a high homology to sea bream tropomyosin. It was reported that a 
polyclonal antibody against carp tropomyosin reacted with proteins was degraded from tropomyosin by 
a myofibril-bound serine proteinase (Cao and Hara et al., 1999). The research about tuna tropomyosins 
also showed two tropomyosin bands beta chain tropomyosin (37 kDa) and alpha chain tropomyosin (35 
kDa) by SDS-PAGE analysis (Ochiai and Ozawa et al., 2010). In this study, the bands around 37 kDa 
of red sea bream in Fig. 2.1.3 and Fig. 2.3.2 (CBB staining) were consistent with the other crustacean 
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and mollusks. Thus the protein with molecular mass of around 37 kDa for red sea bream would be 
tropomyosin. In addition, from the comparison of designed peptides with zebrafish alpha and beta 
chain of tropomyosin (Fig. 2.3.3), the identity is approximately 35%. The results indicated that the 
MAbs raised against peptides T1 (EKYKSISDELDQTFAEL) and T2 (KSISDELDQTFAEL) could 
cross-reacted with red sea bream tropomyosin partially due to the amino acid lysine (K).  
 
Fig. 2.3.3. Comparison of designed peptides with zebrafish (Danio rerio) alpha (1, NP 571180) and 
beta (NP 001002119) chain tropomyosins. Points indicate the identities of redues with respect to the 
upper peptides. Asterisks indicate residues conserved in all the tropomyosins. 
 
Characterization of the MAb from peptide T3 
The peptide T3 (NH2-SISDELDQTFAELC-COOH) was newly designed on the basis of the 
discussion in Section 2.2. Cross-reactivity of the obtained MAbs was evaluated by different species 
tropomyosins. As shown in Fig. 2.3.4, the MAb CE7B2 was specifically reactive to the molecular mass 
around 37 kDa of invertebrate proteins except for American cockroach and sea cucumber, while this 
MAb did not recognized the vertebrate myofibrillar proteins. The MAb CE7B2 also recognized a band 
of around 75 kDa in bloody cockle and bands of smaller than 20 kDa in short-neck clam, dust mite and 
cockroach. On the other hand, the MAb weakly reacted with a protein band of 43 kDa of American 
cockroach. Because sea cucumber is easily autodigested by its proteases (Fu and Xue et al., 2005), the 
tropomyosin extracted from the sea cucumber failed to be detected in SDS-PAGE and Western blot 
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analysis. 
Previous studies reported that tropomyosins were allergic proteins with a molecular mass around 37 
kDa in many invertebrate species such as shrimp (Ayuso and Lehrer et al., 2002), abalone (Lopata and 
Zinn et al., 1997), octopus (Ishikawa and Suzuki et al., 2001), dust mite and cockroach (Ayuso and 
Reese et al., 2002). As described above, several anti-tropomyopsin MAbs have been produced (Lu and 
Oshima et al., 2004; Lu and Ohshima et al., 2007; Sereda and Hartmann et al., 2010), but they reacted 
to only one type of crustacean, molluscan and filarial tropomyosins. The MAbs were raised against 
intact tropomyosins as immunogens, suggesting that they may not detect common IgE epitopes 
specifically. Tropomyosin IgE epitope sequences are highly conserved in the invertebrates. It has been 
identified as the responsible allergen for cross-reactivity between seafood and insects (Boquete and 
Iraola et al., 2011). In present study, the MAb CE7B2 against an IgE epitope shared by several shellfish 
tropomyosins was developed. This MAb showed reactivity not only to the allergenic proteins of 
crustacean tropomyosins, but also to the tropomyosins of mollusks and insects. The MAb CE7B2 
would be probably reactive to the common invertebrate allergen tropomyosin. . 
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Fig. 2.3.4. Cross-reactivity of MAb CE7B2 to different crustaceans, mollusks, arachnids and 
vertebrates. Proteins were first separated by 10 % SDS-PAGE gels and then blotted to PVDF 
membranes. The MAb CE7B2 and Alexa Fluor 680 produced in goat anti-mouse IgG (1:10,000) were 
respectively used as primary and secondary antibody. The CBB stainings were shown in section 2.1 
(Fig. 2.1.5). The protein concentrations of around 40μg/ml were subjected to the SDS-PAGE and each 
lane was around 200 ng for panel A and 100 ng for panel B. 
 
As discussed above, the developed MAb CE7B2 against peptide T3 also reacted to a protein from 
cockroach with molecular mass around 43 kDa. A 43 kDa protein, tropomodulin contains similar amino 
acid sequence to tropomyosin was reported (Kostyukova and Hitchcock-DeGregori et al., 2007). The 
protein is specifically associated with actin and tropomyosin at the thin filament pointed ends where it 
regulates thin filament length in the striated muscle (Leung and Chu 2001). In the present study, a 
region (230NISDEKLEQLFAAL243) of Drosophilidae tropomodulin was used instead of cockroach 
tropomodulin, since the amino acid sequences of American cockroach tropomodulin are not available 
in the GenBank. This region showed about 65% identity to the sequence of T3, suggesting that the 
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MAb CE7B2 raised against the peptide T3 might react to the insect tropomodulin which has not been 
reported as an allergen. To further determine whether tropomodulin is a novel allergen, the Western blot 
analysis with three shellfish tropomyosin-sensitive patient sera was carried out agaisnt different 
crustaceans, mollusks, and arachnids (Fig. 2.3.5). The results showed that the proteins detected by 
MAb CE7B2 also recognized by the sera. It proved once again that MAb CE7B2 should recognize 
invertebrate allergen tropomyosins. Additionally, the patient sera also reacted to a protein with 
molecular mass nearly 43 kDa from cockroach (Fig. 2.3.5A, B, C). It was proposed that the 43 kDa 
protein was also detected by MAb CE7B2, suggesting that tropomodulin with a molecular mass 43 kDa 
is probably a novel allergic protein, thereby further analysis should be carried out for its identification. 
This CE7B2 can be used in order to detect allergens in etiological foods instead of allergic patient sera. 
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Fig. 2.3.5. Evaluation of the allergenic components in different crustaceans, mollusks, arachnids. The 
proteins were separated by 10 % SDS-PAGE gels and then blotted to PVDF membranes. Subsequently 
reacted to crustacean allergic patients sera (1:500) for allergenicity assessment assessment. Goat 
HRP-conjugated anti-human IgE (1:5,000) was used as secondary antibody. The protein concentrations 
of around 40μg/ml were subjected to the SDS-PAGE and the protein amount of each lane was around 
100 ng. Tmod: tropomodulin. 
 
It was reported that MAbs 2A7H6, 5G5E1, 1A3A7, AE9F9 (Lu and Oshima et al., 2004; Lu and 
Ohshima et al., 2007) and NR1 (Sereda and Hartmann et al., 2010) were prepared as antibodies 
specifically reacting with tropomyosin. To confirm that the IgE epitope pattern of developed MAb 
CE7B2 is different from the reported MAbs, the MAbs 2A7H6, 5G5E1, 1A3A7, AE9F9 supplied from 
Dr. Lu was used in this work. As shown in Fig. 2.3.6, the MAb AE9F9 obtained against shellfish 
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tropomyosin was cross-reactive not only to the protein from crustaceans including crab and shrimp, but 
also to the proteins whelk of mollusk and chicken as reported (Lu and Oshima et al., 2004). However, 
it did not react to scallop, clam squid, octopus, mite and cockroach, or slightly with cockle. The MAb 
2A7H6 also reacted with shellfish, but not responded to cockle, scallop, clam, and mite. The MAb 
5G5E1 reacted with only crustacean as reported by Lu et al. (Lu and Ohshima et al., 2007), and the 
MAb 1A3A7 reacted with octopus and squid additionally. In contrast, the present MAb CE7B2 reacted 
to tropomyosins of the voluminous crustaceans, mollusks, arachnids, and insects (Fig. 2.3.4). 
Consequently, the MAb CE7B2 is useful for detection and quantification for invertebrate 
tropomyosins.  
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Fig. 2.3.6. Cross-reactivity of the MAbs AE9F9, 2A7H6, 5G5E1, and 1A3A7 (cells from Dr. Lu) to 
different crustaceans, mollusks, arachnids and vertebrates. Proteins were first separated by 10 % 
SDS-PAGE gels and then blotted to PVDF membranes. The culture supernatant from MAbs (1:1,000) 
and Alexa Fluor 680 conjugated goat anti-mouse IgG or IgM (1:10,000) respectively were used as 
primary and secondary antibody. The protein concentrations of around 40μg/ml were subjected to the 
SDS-PAGE and the protein amount in each lane was around 100 ng. 
 
Tris-tricine SDS-PAGE was carried out with the short-neck clam tropomyosin used as a reference 
molecular mass of 37 kDa (Fig. 2.3.7). As shown in Fig. 2.3.7, the MAb CE7B2 reacted to the proteins 
around 37 kDa of shrimp cracker, shrimp powder and octopus cracker. The MAb reacted not only to the 
proteins of molecular mass around 17 kDa of clam; 14 kDa and 3.5 kDa of Chinese-inspired 
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bean-starch vermicelli soup mix, Sichuan-inspired bean-starch vermicelli soup mix (showing no 
shellfish ingredients in the label on the package but a product through the same production lines for 
shellfish-containing products) and kimchi sauce, but also to the peptides of a molecular mass below 1 
kDa. The results suggest that the MAb CE7B2 could specifically not only detect intact tropomyosin but 
also recognize the fragmented peptides with an IgE epitope sequence of SISDELDQTFAEL in the 
processed foods. In conclusion, this CE7B2 is very useful for detecting the fragmented tropomyosin in 
product foods.  
 
Fig. 2.3.7. Detection of intact and fragmented invertebrate tropomyosins in different processed foods 
using MAb CE7B2. The short-neck clam tropomyosin was used as a molecular mass reference (37 
kDa). (A) Tris-tricine SDS-PAGE analysis of processed food extracts. The electrophoretic gel was 
stained with SYPRO Ruby protein gel stain. (B) Western blot analysis using MAb CE7B2 against 
invertebrate tropomyosin as a primary antibody and Alex Fluor 680 goat anti-mouse IgG (H+L) as a 
secondary antibody. 
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2.4 Applications of Monoclonal Antibodies against Invertebrate Major Allergen 
Tropomyosin 
 
As shown in Section 2.3, the monoclonal antibody (MAb) CE7B2 against an invertebrate major 
allergen tropomyosin was prepared and characterized. The MAb CE7B2 showed reactivity not only to 
the seafood allergen such as crustaceans and mollusks, but also to the indoor allergen such as dust mite 
and cockroach. Immunoassays based on monoclonal antibody against allergen were also reported to 
measure allergens (Pollart and Smith et al., 1991; Wu and Hsieh et al., 1996) and enzyme-linked 
immunosorbent assay (ELISA) is the most commonly used immunological method for the quantitative 
detection of food allergens. The principal advantages of these fully quantitative assays are their 
robustness and sensitivity. In general, a sandwich ELISA is a good way for a quantitative assay of food 
allergens because non-specific protein bindings can be eliminated based on using of two speciﬁc 
antibodies possessing different binding sites. The antibodies may be monoclonal, detecting speciﬁcally 
a single peptide sequence in the target protein, or polyclonal, reacting to many epitopes in the target. 
Many studies have reported the sandwich ELISA based on MAbs or polyclonal antibodies (PAbs) for 
allergen detections such as shrimp and crustacean allergens (Jeoung and Reese et al., 1997; Shibahara 
and Oka et al., 2007). In addition to ELISA, fluorescence resonance energy transfer (FRET) is a widely 
used method for monitoring interactions between or within biological macromolecules conjugated with 
suitable donor-acceptor pairs. FRET is a useful tool to quantify molecular dynamics in biophysics and 
biochemistry, such as protein-protein interactions, protein–DNA interactions, and protein 
conformational changes (Jares-Erijman and Jovin 2003). However, at present there are no validated 
methods using the FRET system for the detection and quantification of food allergens. In this section, 
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the sandwich ELISA and FRET system based on the MAb CE7B2 against the allergen tropomyosin 
were performed for allergen detection and quantification.  
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2.4.1 Application of Sandwich ELISA 
2.4.1.1 Introduction 
Immunoassays based on MAb against allergen were reported to identify and quantify allergens in 
food such as sandwich ELISA (Jeoung and Reese et al., 1997). Sandwich ELISA is a good method for 
quantitative assay of allergen because of non-specific proteins can be eliminated using two types of 
antibody possessing different binding sites, for this reason the sandwich ELISA based on some MAbs 
against shellfish tropomyosin were developed (Lu and Ohshima et al., 2007; Shibahara and Oka et al., 
2007). Food allergy commonly occurs with IgE antibodies binding to the IgE-binding sites (IgE 
epitopes) of the allergen. Consequently, using a MAb recognizing the tropomyosin IgE epitopes shared 
by invertebrate could raise the efficiency and sensitivity for the detection. The PAbs are usually used 
for ELISA, since its low cost. However, the PAbs easily show different antigen recognition abilities, 
even though they are raized against the same antigen. This point would affect the reliability of the 
detection methods. In comparison with PAbs, a MAb possesses a high level of selectivity for a single 
epitope and can be produced in unlimited amounts. Therefore, a sandwich ELISA based on a MAb was 
developed in this section. 
 
2.4.1.2 Materials and methods 
Sandwich ELISA  
The microtitre wells of ELISA plate well were coated with 100 μl of the purified MAb at 2.5 μg/ml 
in 50 mM carbonate buffer (pH 9.6) at 4°C overnight. After washing three times with TBST, each well 
was filled with 250 μl of blocking buffer (TBS containing 5% skim milk) and incubated at 37°C for 1.5 
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h. After washing three times, 100 μl of samples were added to each well with different dilutions of the 
purified kuruma prawn tropomyosin, Japanese flying squid tropomyosin or production food extracted 
supernatants at 37°C for 1 h. TBS was used as a negative control. After washing five times, 100 μl of a 
PAb raised in rabbits against king crab tropomyosin at 8 μg/ml was added to each well and incubated at 
37°C for 1 h. After washing in the same way as previous step, 100 μl of goat anti-rabbit 
immunoglobulin G+A+M (H+L) peroxidase conjugated antibody (Thermo Fisher Scientific K.K., 
Yokohama, Japan) at 1:10,000 dilution in TBST was added to each well and incubated at 37 °C for 1 h. 
The plate was washed again and then 100 μl of Sigmafast OPD color former solution (Sigma-Aldrich 
Japan, Tokyo, Japan) was added to each well and incubated in the dark for 30 min at room temperature. 
Reaction was terminated with 50 μl of 1 M H2SO4 and absorbance values at 492 nm were determined. 
This developed sandwich ELISA would be performed to determine tropomyosin levels in different 
processed foodstuffs listed in Table 2. In this sandwich ELISA, the individual results were calculated as 
tropomyosin equivalents to the total ingredient weight. The equivalents were calculated using the 
standard curve for prawn tropomyosin, except that the equivalent for octopus cracker was calculated 
with squid standard curve (n=3). 
 
Detection limit 
The detection limit of the sandwich ELISA system for tropomyosin was calculated according to the 
equation of Miller and Miller (2005): 
Ld = a + 3   yi − y i 
2/ 𝑛 − 2  
1 2 
 
where Ld represents the value of detection limit concentration, a stands for the y-axis intercept deduced 
from line of regression of concentrations, yi is the experimental values of every concentration, y i 
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represents the individual values from line of regression of every concentration, and n is the number of 
samples.  
 
Statistical method 
The mean coefficients of variation (CV) were based on three performances on three different days 
for determination of the inter-assay and intra-assay precision. 
 
2.4.1.3 Results and discussion  
MAbs or PAbs are commonly used in sandwich ELISA systems. The MAb recognizes a single 
epitope, while PAb reacts with multi-epitopes in the target proteins. It is known that the quantitative 
capability of the sandwich ELISA is affected by false positives of PAbs, since PAbs may recognize 
structures similar in other related proteins. Consequently, the MAb was used as a capture antibody in 
order to detect the peptides fragmented by proteolysis but containing an IgE epitope sequence common 
in some invertebrates in the present sandwich ELISA assay.  
In this study, a rabbit polyclonal antibody against king crab tropomyosin which was prepared 
previously was used in the developed sandwich ELISA. As shown in Fig. 2.4.1, the antibody reacted 
not only to the proteins from crustaceans, but also to the proteins from mollusks, and insects. In 
addition, it was reported that the antiserum did not react to the vertebrates (Lu and Oshima et al., 2004). 
The antibody specificity to mollusks, arachnid and insect were more weakly than to crustaceans. The 
proteins around 37 kDa detected by the rabbit polyclonal antibody were also recognized by the MAb 
CE7B2, suggesting that the developed polyclonal antibody should recognize invertebrate tropomyosin 
and would be suitable for quantification of tropomyosin with the MAb CE7B2 in the sandwich ELISA. 
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Fig. 2.4.1. Characterization of reactivity of rabbit antiserum (from Dr. Lu) against king crab 
(Paralithodes camtschatica) tropomyosin by Western blot assays. Proteins from different crustaceans, 
mollusks, arachnid and insect were isolated by a 10 % gel and blotted to a PVDF membrane. The rabbit 
antiserum (1:20,000) and Alexa Fluor 680 cojugated goat anti-rabbit IgG were used as primary and 
secondary antibody, respectively. The protein concentrations of around 40 μg/ml were subjected to the 
SDS-PAGE and each lane was around 100 ng for each panel. 
 
Standard curves 
The sandwich ELISA developed in the present study was used for detection and quantification of 
invertebrate tropomyosins by using the MAb CE7B2. The standard curves were performed with 
different dilutions from 0.045 to 600 ng/ml of kuruma prawn tropomyosin and 0.080 to 512 ng/ml of 
Japanese flying squid tropomyosin (Fig. 2.4.2). These standard curves can be applied to the 
quantification of crustacean and mollusk tropomyosins from several processed foods. The detection 
limit by this sandwich ELISA was 0.09 ng/ml for kuruma prawn and 0.64 ng/ml for Japanese flying 
squid tropomyosins, respectively. 
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Fig. 2.4.2. Standard curves of sandwich ELISA with MAb CE7B2 for kuruma prawn (●) and Japanese 
flying squid (○) tropomyosins. The detection limits for kuruma prawn and Japanese flying squid 
tropomyosins were 0.09 and 0.64 ng/ml, respectively (n=3). 
 
The intra- and inter-assay precision, expressed as the CV, were 1.5-5.1% and 1.2-4.2% in kuruma 
prawn tropomyosin, and 0.8-3.9% and 0.6-3.2% in Japanese flying squid tropomyosin (Table 2). The 
results suggest that the sandwich ELISA assay is highly reproducible. 
 
Table 2 Coefficients of variation for intra- and inter-assay variations (n=3) 
Kuruma prawn 
(ng/ml) 
Intra-assay (% CV) Inter-assay (% CV) 
0.75 
12 
96 
192 
600 
5.1 
1.5 
2.2 
3.4 
3.4 
4.2 
1.2 
1.8 
2.8 
2.8 
Japanese flying aquid 
(ng/ml) 
  
1.28 
41 
164 
328 
512 
0.8 
3.9 
2.4 
1.4 
3.1 
0.6 
3.2 
1.9 
1.2 
2.2 
CVs were defined as the standard deviation divided by the mean and multiplied by 100. 
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Tropomyosin levels in processed foods  
Tropomyosin concentrations of the crude extracts from different processed foods were determined 
by the developed sandwich ELISA standard curves. As shown in Table 3, the highest tropomyosin 
concentration was in shrimp powder reaching 392 μg/g and kimchi (showing no shellfish ingredient in 
the label on the package) having the least value of 10 μg/g. For the cup instant soup powders, the 
instant noodle soup mix of seafood style took a value of 239 μg/g, followed by 106 μg/g for 
Chinese-inspired bean-starch vermicelli soup mix and 118 μg/g for Sichuan-inspired bean-starch 
vermicelli soup mix (showing no shellfish ingredients in the label on the package but a product through 
the same production lines for shellfish-containing products). The levels of shrimp cracker and octopus 
cracker were 364 μg/g and 322 μg/g, respectively. The sauce prepared from the fish was reached a 
value of 22 μg/ml and from the kimchi of 113 μg/ml. 
Table 3 Determination of tropomyosin from processed foods with the sandwich ELISA 
Processed foodsa Tropomyosin/foodb 
(μg/g) 
Instant noodle soup mix of seafood style 
Chinese-inspired bean-starch vermicelli soup mix 
Sichuan-inspired bean-starch vermicelli soup mixc 
Shrimp cracker 
Octopus cracker 
Shrimp powder  
Kimchid 
239 
106 
118 
364 
322 
392 
10 
   (μg/ml) 
Fish sauce 
Kimchi sauce  
      22 
                  113 
a  All tropomyosins of processed foods, except for fish sauce and kimchi sauce, were extracted as 
described in Materials and Methods. For fish sauce and kimchi sauce, tropomyosins were extracted 
from liquid mixtures.  
b Tropomyosin equivalents were calculated using the standard curve for prawn tropomyosin, except 
that the equivalent for octopus cracker was calculated with squid standard curve (n=3).  
c  Showing no shellfish ingredients but produced through the same production line for 
shellfish-containing products in the label on the package. 
d  Showing no shellfish ingredients in the label on the package. 
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In this study, a common immunological method, sandwich ELISA, based on the MAb CE7B2 
against invertebrate tropomyosin for the quantitative detection of food and indoor allergens was 
developed. To determine tropomyosin in food, the sandwich ELISA method with the anti-tropomyosin 
antibodies have been recently developed as shellfish tropomyosin detection kits in Japan. One detection 
kits developed against purified tiger prawn tropomyosin, showed the detection limit of 0.4 ng/ml 
(Shibahara and Oka et al., 2007), and one showed 0.71 ng/ml which raised against the similar 
tropomyosin. However, these detection kits without IgE epitope specificities might fail to detect 
allergenic peptides in processed foods. In comparison, the detection limit of the present sandwich 
ELISA is 0.09 ng/ml for kuruma prawn tropomyosin. This value is more sensitive than the previous 
systems. On the other hand, the detection limit of the present sandwich ELISA is 0.64 ng/ml for 
Japanese flying squid tropomyosin. This result confers the ability to detect mollusk and indoor 
pan-allergen tropomyosin. In particularly, compared to the previous studies, the present sandwich 
ELISA could detect both mollusk and dust mite samples. It is considered that the sandwich ELISA is a 
precise and reliable method to detect tropomyosin in processed food. Indeed, this study provided 
experimental evidence that this sandwich ELISA is applicable to various commercial processed foods 
as described above.  
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2.4.2 Development of FRET system 
本節の内容は、学術雑誌論文として出版する計画があるため公表できない。5年以内に出版予
定。 
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Chapter 3 Development of detection and quantification methods based on 
monoclonal antibodies against tetrodotoxin 
本章の内容は、学術雑誌論文として出版する計画があるため公表できない。5年以内に出版予
定。 
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Chapter 4 General Discussion 
  Food safety issue such as allergy and poisoning are always an important problem all around the 
world in the past decade. The consumers, governments and producers give increased attention to the 
safety and quality of food products in today’s global marketplace, and detection technologies 
consequently become more important for ensuring food safety and security. 
  Food is essential for our body maintenance, a major source of pleasure, and often intrinsic to our 
cultural identity. Food allergy is now recognized as a worldwide problem and appears to be on the 
increase. It is generally synonymous with type-I allergy reactions mediated by immunoglobulin E (IgE) 
antibodies bound to mast cell, leading to releases of histamine and other chemicals to the tissues, and 
causing the symptoms such as urticaria, diarrhea and asthma (Daul and Morgan 1993; Burks 2002). 
During recent decades, the number of patients suffering from food allergy has strikingly increased. 
Shellfish (crustaceans and mollusks) constitutes an important food source for human. Crustaceans such 
as shrimps and crabs are however the most frequent cause of food allergy in Japan. Mollusks such as 
shell and squid also exhibit over 20 % of seafood allergy. Shellfish have been thus known as a major 
cause of IgE mediated food allergy in adult (Crespo and Rodriguez 2003). Recent studies suggest that 
allergen-specific monoclonal antibodies (MAbs) are valuable tool in the allergen detection and 
quantification due to the property that MAb is specific to one particular antigenic structure (Pollart and 
Smith et al., 1991; Wu and Hsieh et al., 1996; Jeoung and Reese et al., 1997). There are several 
technical principles for the detection of potential allergens in food products, which target either the 
allergen itself or a marker indicating the presence of the offending food. Immunological and molecular 
biological methods are commonly used as inexpensive, sensitive, and highly selective methods for the 
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detection and quantification of a wide variety of noxious substances (Raybould and Bignami et al., 
1992). In the previous studies, the main molecular biological method is polymerase chain reaction 
(PCR), and immunological methods: enzyme-linked immunosorbent assay (ELISA), surface plasmon 
resonance (SPR) biosensor technology and quartz crystal microbalance (QCM) immunosensor. ELISA, 
including a sandwich ELISA, has been commonly used in the detection and quantification of allergens, 
but the method needed the immobilization of antigens or antibodies on some solid phases. The recent 
development and application of optically sensing technologies such as a fluorescence resonance energy 
transfer (FRET) system, have allowed us to detect the allergen without immobilization procedure. This 
thesis was then focused to develop rapid or sensitive immunoassays based on the MAbs against major 
invertebrate allergens to detect and quantify by using a sandwich ELISA and FRET assays.  
  The major allergen of invertebrate species is a muscle protein called tropomyosin, which has been 
identified as a major and common protein in crustacean (Shanti and Martin et al., 1993; Daul and 
Slattery et al., 1994; Leung and Chen et al., 1998), mollusks (Miyazawa and Fukamachi et al., 1996; 
Chu and Wong et al., 2000; Leung and Chu 2001), arachnids, and insects (Asturias and Gomez-Bayon 
et al., 1999; Thomas and Smith et al., 2002). Studies on the presence of a heat-stable allergen in shrimp 
have first identified by Hoffman and Miller (1981) with the molecular mass around 38 kDa. Since this 
reported, a serial of tropomyosins with a molecular mass ranging of 34-38 kDa have been identified as 
allergens in different invertebrate species (Shanti and Martin et al., 1993; Leung and Chen et al., 1998; 
Emoto and Ishizaki et al., 2009). It was also demonstrated that this pan-allergen is a major 
cross-reactive allergen in invertebrate species (Reese and Ayuso et al., 1999). That suggests that some 
allergenic structures in tropomyosins are shared by many invertebrate species. In the present study, 
several MAbs against the sequences of IgE epitope shared by several shellfish tropomyosins were 
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prepared and characterized. The MAbs BE9, EB11 and DC3 raised against the peptide sequences of T1 
EKYKSISDELDQTFAEL and T2 KSISDELDQTFAEL recognized shellfish tropomyosins but also 
reacted with teleost proteins. The novel MAbs were then raised against the sequences of T3 
SISDELDQTFAEL. The MAb CE7B2 obtained in the present study was specifically reactive to the 
molecular mass around 37 kDa of invertebrate proteins. As described above, tropomyosins were 
allergic proteins with a molecular mass around 37 kDa in many invertebrate species, suggesting that 
MAb CE7B2 reacted to the crustacean, mollusks, arthropods and insects tropomyosins, but not to 
vertebrate tropomyosin.  
The Tris-tricine SDS-PAGE results in this study suggest that the MAb CE7B2 not only reacts to 
intact tropomyosin, but also recognizes small fragments derived from tropomyosins in food products. 
The MAb CE7B2 thus detects the allergenic tropomyosin from different processed foods. Several 
anti-tropomyopsin MAbs have been reported (Lu and Oshima et al., 2004; Lu and Ohshima et al., 
2007; Sereda and Hartmann et al., 2010), but they reacted to only one type of crustacean, molluscan 
and filarial tropomyosins. The MAbs were raised against intact tropomyosins as immunogens, 
suggesting that they may do not detect common IgE epitopes specifically. In general the MAb CE7B2 
is not only valuable for detection of invertebrate tropomyosins, but also for detecting the fragmented 
tropomyosin in product foods. 
The present study revealed that the MAb CE7B2 is specific to the invertebrate allergenic 
tropomyosin by comparison the binding reactivity of IgEs from crustacean allergic patient sera and that  
the 43 kDa protein was also detected by MAb CE7B2 and sera from shellfish-sensitive patients. This 
protein might be tropomodulin with a molecular mass around 43 kDa, widely expressed in various 
species (Fowler 1996). Tropomodulin is specifically associated with actin and tropomyosin at the thin 
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filament pointed ends where it regulates thin filament length in the striated muscle (Leung and Chu 
2001). The results suggest that tropomodulin with a molecular mass 43 kDa is probably a novel allergic 
protein, thereby further analyses should be carried out for the identification and characterization. 
In the present study, a common immunological method, sandwich ELISA, based on the MAb CE7B2 
against invertebrate tropomyosin for the quantitative detection of food and indoor allergens was 
developed. To determine tropomyosin in food, the sandwich ELISA method with the anti-tropomyosin 
antibodies have been recently developed as shellfish tropomyosin detection kits in Japan. One 
commercial detection kit, developed against purified tiger prawn tropomyosin, showed the detection 
limit of 0.4 ng/ml (Shibahara and Oka et al., 2007), and other showed 0.71 ng/ml which raised against 
the similar tropomyosin (Seiki and Oda et al., 2007). However, these detection kits without IgE epitope 
specificities might fail to detect allergenic peptides in processed foods. In comparison, the detection 
limit of the present sandwich ELISA is 0.09 ng/ml for kuruma prawn tropomyosin. The present system 
is therefore more sensitive than the previous systems. On the other hand, the detection limit of the 
present sandwich ELISA is 0.64 ng/ml for Japanese flying squid tropomyosin. The coefficient of 
variation (CV) analyses results suggest that the sandwich ELISA assay is highly reproducible. The 
results confer the ability to detect mollusk and indoor pan-allergen tropomyosin. In particularly, 
compared to the previous studies, the present sandwich ELISA could detect both mollusk and dust mite 
samples. The developed sandwich ELISA based on the MAb is thus useful for its application to the 
major food allergen tropomyosin of invertebrates. It is considered that the sandwich ELISA is a precise 
and reliable method to detect tropomyosin in processed food. Indeed, this study provided experimental 
evidence that this sandwich ELISA is applicable to various commercial processed foods. 
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本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5年以内に出版
予定。 
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